Cabotegravir is an investigational integrase inhibitor in development for the treatment and pre-exposure prophylaxis of HIV-1 infection. Liver disease is a major cause of morbidity and mortality in HIV-infected individuals and can impact the pharmacokinetics (PK) of HIV medications. This phase 1 study evaluated the PK of cabotegravir in individuals with moderate hepatic impairment (n = 8) versus healthy controls (n = 8). Participants received a single oral cabotegravir 30-mg tablet and underwent PK sampling to determine total and unbound plasma cabotegravir concentrations. Calculated geometric least-squares mean ratios (90% confidence intervals) for individuals with hepatic impairment versus healthy controls were 0.73 (0.50-1.06) for AUC 0-Ý , 0.69 (0.51-0.93) for C max , 1.40 (0.80-2.46) for unbound concentration (CU) 2 hours postdose, 1.55 (0.82-2.94) for CU at 24 hours, 2.14 (1.57-2.90) for unbound fraction (FU) at 2 hours, and 1.90 (1.14-3.18) for FU at 24 hours. Adverse events (AEs) occurred in 2 individuals with hepatic impairment and 3 healthy controls and were grade 1/2 in severity. No participant discontinued because of AEs. Increased FU resulted in a modest decrease in total plasma exposure not considered clinically relevant. We conclude that cabotegravir may be administered without dose adjustment in patients with mild to moderate hepatic impairment.
long-acting formulations of cabotegravir had low rates of adverse event-related discontinuations in clinical trials. 1, 3 Oral cabotegravir is rapidly absorbed and has a long apparent plasma half-life of 38.5 hours following single-dose administration in healthy individuals. 5 Oral cabotegravir 30 mg once daily achieves concentrations at the end of the dosing interval following repeat administration that exceed the protein-binding-adjusted 90% viral inhibition constant by 20-fold. 6 Findings from a pharmacokinetic (PK) study of single-dose, long-acting cabotegravir showed that once-monthly or even less frequent dosing was well tolerated and generally safe for both intramuscular and subcutaneous routes of administration. 4 The terminal phase half-life (t 1/2 ) after administration of long-acting cabotegravir reflects absorption and ranges from approximately 25 to 54 days. 4 In vitro, cabotegravir is metabolized in the liver by phase II glucuronidation via the uridine diphosphoglucuronosyl transferase (UGT) pathway primarily by UGT1A1 and minor involvement of UGT1A9. 7 The absolute bioavailability of cabotegravir has not been determined, but the low intrinsic clearance values for the glucuronide metabolite (M1) formation by recombinant UGT enzymes 1A1 and 1A9 (4.5 and 2.2 µL/min/mg, respectively) suggest that cabotegravir is a very low extraction-ratio drug. In humans, oral [ 14 C]cabotegravir (dose, 28.2 mg/kg) is excreted in feces (mean, 58.5% recovered; range, 46.9%-72.7% recovered) and urine (mean, 26.8% recovered; range, 17.4%-41.2% recovered). Following a single dose of [ 14 C]cabotegravir, cabotegravir is detected in human feces (mean, 46.8% dose), and M1 is detected in urine (mean, 20.0% dose).
Among individuals infected with HIV-1, liver disease is a major cause of mortality and morbidity and accounts for 14% to 18% of all HIV-associated deaths. 8, 9 Predisposing factors for hepatic impairment associated with HIV infection include chronic hepatitis B virus (HBV) infection, hepatitis C virus (HCV) infection, or both; drug-induced liver injury; nonalcoholic fatty liver disease; and alcohol abuse. 9 Liver disease can impact liver blood flow and modify synthesis of plasma proteins and drug metabolism, which may influence the PK of antiretroviral therapy.
Given the primary route of elimination of cabotegravir via UGT metabolism, it is important to characterize the effect of hepatic impairment on cabotegravir PK. Cabotegravir is highly bound to plasma proteins with less than 1% free drug in circulation and is highly bound to albumin. 1, 6, 11 Hepatic impairment is commonly associated with reductions in serum albumin concentrations that may impact cabotegravir protein binding, resulting in increases in free drug concentrations, variable distribution, and alterations in cabotegravir elimination. 12 For individuals with hepatic impairment, a comorbidity for which free circulating drug may be greatly increased, the usual therapeutic window or level of toxicity of any drug should be determined. 13 The purpose of this study was to evaluate the impact of moderate hepatic impairment on the PK parameters and safety of cabotegravir.
Methods

Study Design
A phase 1 open-label, parallel-group, single-dose adaptive study was designed to evaluate the impact of moderate hepatic impairment on cabotegravir PK. The study was conducted at DaVita Clinical Research (Lakewood, Colorado, and Minneapolis, Minnesota) and Orlando Clinical Research Center (Orlando, Florida) in 16 adults: 8 with moderate hepatic impairment categorized by the Child-Pugh classification system (Child-Pugh score, 7-9) and 8 healthy controls with normal hepatic function (Child-Pugh score < 5) matched by sex, age (±10 years), and body mass index (BMI, ±25%) at 3 centers in the United States from June 22, 2015, to September 16, 2016 . A single oral dose of cabotegravir 30 mg was administered in the fasted state to all participants, who underwent serial PK sampling to assess PK parameters. A follow-up visit occurred 10 to 14 days after cabotegravir was administered.
The primary end point was comparison of cabotegravir area under the concentration-time curve from time 0 extrapolated to infinity (AUC 0-Ý ) and the maximum observed concentration (C max ) among participants with moderate hepatic impairment and matched healthy controls. Secondary end points included assessments of plasma protein binding, unbound concentration of cabotegravir, unbound fraction in plasma of cabotegravir at 2 and 24 hours postdose, AUC from time 0 to the last time of quantifiable concentration (AUC 0-t ), the percentage of AUC 0-Ý obtained by extrapolation (%AUC ex ), concentration at 24 hours postdose (C 24 ), cabotegravir plasma t 1/2 , apparent clearance following oral dosing, lag time before observation of drug concentrations (t lag ), time of occurrence of C max (t max ), apparent volume of distribution, and safety parameters, including the monitoring of adverse events (AEs), clinical laboratory tests, vital signs, and findings on electrocardiography (ECG) and physical examinations.
The study was compliant with the principles stated in the Declaration of Helsinki. Integreview Institutional Review Board (Austin, Texas) approved the research protocol, and the study was conducted at 3 US clinical sites: Lakewood, Colorado; Orlando, Florida; and Minneapolis, Minnesota. Written informed consent was obtained from all individuals prior to initiation of the study (Clinicaltrials.gov identifier, NCT02354950; ViiV-clinicalstudyregister.com identifier, 201479).
Selection of Study Participants
Adults aged ࣙ18 and ࣘ70 years with a body weight of ࣙ50 kg and a BMI between 19.0 and 41.0 kg/m 2 were enrolled in the study. Women were eligible for enrollment if they were not pregnant, lactating, or of reproductive potential. Matched control participants were determined by a health-care professional to be healthy based on findings from a physical examination, medical history, laboratory values, and ECG. Participants with moderate hepatic impairment were included if they were clinically stable for 1 month prior to screening, had a Child-Pugh score of 7 to 9, and had confirmation on liver biopsy or medical imaging modality of cirrhosis associated with an unambiguous history (eg, evidence of portal hypertension). Key exclusion criteria for all individuals were: cardiac abnormalities, a positive HIV antibody test result, history of regular alcohol consumption ࣘ 6 months prior to the study, and a positive result on drug/alcohol screening. Other exclusion criteria included evidence of recent infection (duration < 6 months) with HBV, HCV, or both; history of cholecystectomy and inflammatory bowel disease; presence of hepatopulmonary or hepatorenal syndrome; presence of primary cholestatic liver diseases; and history of liver transplant. Concomitant medication was considered on a case-by-case basis and permitted if it did not jeopardize the interpretation of the data or safety of the study participant. Doses of acetaminophen (ࣘ2 g/day) were permitted for use in healthy volunteers only. Unless a concomitant medication was considered by the investigator not to interfere with the study, participants were required to abstain from potential enzyme inhibitors within 7 days, for 14 days if taking potential enzyme inducers, or for 5 half-lives (whichever was longer) prior to the first dose of study medication until completion of the follow-up visit. In addition, the following were withheld on the day of study dosing: antacids, vitamins, calcium and iron supplements, and other medications containing polyvalent cations or with the ability to interfere with gastric absorption.
Bioanalytical Methods
Cabotegravir (30 mg) was administered orally under fasted conditions with serial plasma PK samples collected predose and 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, 120, and 168 hours postdose. Two and 24 hours after the dose of cabotegravir, plasma samples were collected to determine bound and unbound plasma cabotegravir concentrations. Cabotegravir plasma concentrations were determined using a validated analytical method previously published. 7 Briefly, samples of plasma were extracted by protein precipitation with acetonitrile containing the internal standard, Plasma protein binding of cabotegravir was determined in quadruplicate by equilibrium dialysis using rapid equilibrium dialysis (RED) device inserts (membrane with a molecular weight cutoff of 8000 Da) and base plate from Thermo Fisher Scientific (Rockford, Illinois). Fortified plasma (300 µL) was added to each donor side of the RED device inserts, and blank plasma ultrafiltrate (PUF; 500 µL) was added to each receiver side of the RED device inserts. Samples were then incubated at 37°C in a chamber containing 5% CO 2 with relative humidity maintained at 95% and rotated at 500 rpm for 5 hours. After incubation, plasma and dialysate from each device insert were transferred to a 96-well plate. A 20-µL sample from the donor side of each RED device was diluted with 180 µL of blank PUF (10× dilution) prior to analysis. A 180-µL sample from the receiver side of each RED device was diluted with 20 µL of blank plasma (1.11× dilution) prior to analysis. All PUF samples were analyzed with a validated analytical method using high-performance liquid chromatography with tandem-mass spectrometry. The linear range of detection for cabotegravir from a 50-µL sample of PUF was 1 to 2500 ng/mL.
Each of the plasma samples for protein binding were dialyzed in quadruplicate and reported as cabotegravir total plasma concentration (4 records) and cabotegravir unbound plasma (4 records). For each participant, mean total plasma concentration and mean unbound concentration were calculated. Total and unbound cabotegravir concentrations at 2 and 24 hours by cohort were summarized.
Experimental acceptance criteria for determining the concentration of plasma cabotegravir as well as bound and unbound plasma cabotegravir concentrations were as follows. Quality-control samples containing cabotegravir at 3 concentrations were analyzed with each batch of participant samples and compared against separately prepared calibrated standards. For the analysis to be acceptable, no more than one-third of the quality-control results could deviate >15% from the nominal concentration, and ࣙ50% of the results from each quality-control concentration had to be within 15% of the nominal concentration.
Pharmacokinetic Assessments
Plasma cabotegravir concentration-time data were analyzed by noncompartmental PK analysis with Phoenix WinNonlin version 6.3 or higher (Certara, Princeton, New Jersey). With sex and treatment group as fixed effects and age and BMI as continuous variables, logtransformed PK parameters, except %AUC ex , t max , and t lag , were analyzed by analysis of covariance. The point estimates of geometric least-squares mean ratios of the hepatic impairment group compared with healthy controls and associated 90% confidence intervals (CIs) for comparisons for cabotegravir for each PK parameter were generated by a mixed-linear model within the SAS/STAT module of SAS (version 9.3 or higher; SAS Institute, Cary, North Carolina). The PK parameters for T max , t lag , and %AUC ex were summarized descriptively. The unbound fraction (fu) was calculated using the total and unbound plasma concentrations of cabotegravir generated 2 and 24 hours postdose in the following formula,
where C(unbound) and C(total) are the unbound and total concentrations of cabotegravir in plasma, respectively. The PK concentration population included all participants in the study who had evaluable cabotegravir assays following plasma PK sampling.
The relationship between plasma cabotegravir PK primary and secondary end points and liver function measurements that included Child-Pugh score (overall score and liver synthetic ability [albumin, bilirubin, and prothrombin time]) was assessed by Pearson correlation and linear and/or nonlinear regression methods. For the purpose of Pearson correlation, parameters of hepatic function, including total Child-Pugh, serum albumin, and serum bilirubin scores and prothrombin time (international normalized ratio), were treated as continuous variables, and participants with normal hepatic function were considered to have a score of 0.
Safety Assessments
Safety assessments included assessments of vital signs, ECG findings, clinical laboratory tests, and monitoring of AEs. Assessments were continued through the 8 days of the trial and the follow-up period (10-14 days postdose).
Results
Study Disposition
Sixteen adults were enrolled, including 8 participants with moderate hepatic impairment and 8 healthy matched controls; all completed the study. Most study participants were male (75%) and Caucasian (identifying as white or of European heritage; 75%) with a mean age ± standard deviation (SD) and mean BMI ± SD of 58.6 ± 5.1 years and 29.2 ± 3.9 kg/m 2 , respectively (Table 1) . Demographic and baseline characteristics for both treatment groups were similar. In participants with hepatic impairment, 75% had ChildPugh scores of 7 and 8 (n = 3 each), and 25% had Child-Pugh scores of 9 (n = 2). Because the ChildPugh scoring system is based on assessments (ie, clinical and biochemical assessments of encephalopathy, ascites, serum bilirubin and albumin levels, and international normalized ratio) not entirely specific to liver disease, all participants with moderate hepatic impairment also exhibited clinical evidence of chronic liver disease, cirrhosis, or both conditions. Seven participants had a history of ascites, 4 participants had a history of alcohol abuse or alcohol-induced cirrhosis, 4 participants had a history of chronic HCV infection (duration > 6 months), and 3 participants had a history of hepatic encephalopathy. One participant from each treatment group had 1 protein-binding sample lost during shipment prior to analysis; therefore, no data were generated for those 2 individuals.
Pharmacokinetics
Maximum plasma concentrations of cabotegravir were achieved 2 hours postdose with a plasma t 1/2 of 32 hours in participants with moderate hepatic impairment and 38 hours in healthy controls (Table 2; Figure 1A ). Geometric mean oral clearance in participants with moderate hepatic impairment was 0.30 L/h, 38% higher than in matched controls at 0.24 L/h. As a result, the geometric means (95%CIs) of plasma AUC 0-Ý and C max were 102 µg·h/mL and 2.70 µg/mL, respectively, in participants with moderate hepatic impairment compared with 127 µg·h/mL and 3.55 µg/mL, respectively, in the matched healthy controls ( Table 2) .
The geometric mean of unbound plasma cabotegravir concentrations 2 and 24 hours postdose in participants with moderate hepatic impairments were 40% and 55% higher, respectively, than those of the matched healthy controls (Table 2; Figure 1B) . Furthermore, the geometric mean free fraction of cabotegravir in participants with moderate hepatic impairment was 0.31% 2 hours postdose and 0.32% 24 hours postdose compared with 0.16% 2 hours postdose and 0.17% 24 hours postdose in the matched healthy controls (Table 2) . From 2 and 24 hours postdose, the unbound fraction of cabotegravir remained stable across the plasma cabotegravir peak-to-trough concentration range. According to Pearson correlation between cabotegravir PK parameters and hepatic function variables (ChildPugh total score; serum albumin and bilirubin values; international normalized ratio; and concentrations of serum albumin, total bilirubin, α-1 acid glycoprotein, and total protein), unbound cabotegravir fractions 2 and 24 hours postdose were negatively correlated with serum albumin concentrations (P < .001 and P = .016, respectively), indicating that as the lower the albumin concentration decreases, the fraction unbound increases (Figure 2) . A correlation was observed between the cabotegravir unbound fraction and total protein 2 hours postdose (P = .009), but no correlation was observed 24 hours postdose (P = .195; Table 3 ).
Safety
Five participants (31%; hepatic impairment, n = 2; healthy controls, n = 3) developed AEs during the study (Table 4) . None of the AEs were reported more than once in either treatment group. Two grade 2 AEs, hypertension and upper respiratory tract infection (both from the matched healthy control group), were reported. Three participants had AEs that the investigator considered to be related to the study treatment: 1 participant from the hepatic impairment group reported grade 1 constipation, and 2 participants from the matched healthy control group reported grade 2 upper respiratory infection (n = 1) and grade 1 headache (n = 1). None of the AEs led to withdrawal from the study, and no deaths or serious AEs were reported. No clinically significant vital signs or ECG abnormalities were observed in the study. Laboratory abnormalities were observed for 13 participants from the hepatic impairment treatment group (grade 2, n = 9; grade 3, n = 3; grade 4, n = 1) and 1 participant from the control group (grade 3). Grade 3/4 laboratory abnormalities included decreased lymphocyte count (n = 3), increased direct bilirubin (grade 3, n = 1), and increased lipase (grade 3, n = 1). None of these observations were considered clinically significant, and none were reported as AEs.
Discussion
In 2015, an estimated 325 million people were chronically infected with HBV or HCV, and 5% to 25% of persons infected with HIV-1 were chronically coinfected with HBV, HCV, or both viruses, thereby increasing the likelihood that antiviral therapy could be administered to patients with reduced hepatic function. 8, 14 Moreover, nonalcoholic fatty liver disease, an increasingly leading cause of hepatic dysfunction, is becoming an important cause of morbidity in patients with HIV infection as their life expectancy increases. 15 Although 1.90 (1.14-3.18) AUC, area under the concentration-time curve; AUC 0-Ý , AUC from time 0 extrapolated to infinity; AUC 0-t , AUC from time 0 to last quantifiable concentration; C 24 , concentration 24 hours postdose; CI, confidence interval; CL/F, apparent oral clearance; C max , maximum observed plasma concentration; CU2H, unbound concentration at 2 hours; CU24H, unbound concentration at 24 hours; CV, coefficient of variation; CVb, between-participant coefficient of variation; FU2H, unbound fraction at 2 hours; FU24H, unbound fraction at 24 hours; GLS, geometric least squares; SD, standard deviation; t 1/2 , terminal elimination phase half-life. a Healthy controls were matched to participants with hepatic impairment by sex, age (±10 years), and body mass index (±25%). b Protein-binding samples from 1 participant from each treatment group were not received for analysis (n = 7).
a paucity of data exists on patients with HIV infection and comorbid nonalcoholic fatty liver disease, this hepatic disease is more prevalent among patients with HIV infection than in the general population, with recent estimates ranging from 13% to 55% in this patient group. 15 Other causes of hepatic impairment in people with HIV infection include antiretroviral drug toxicity and alcohol abuse. 9 The primary objective of this study was to characterize plasma PK parameters of a single oral dose of cabotegravir in participants with hepatic impairment compared with those observed in healthy controls matched for sex, age, and BMI.
Cabotegravir is metabolized in the liver by phase II glucuronidation via the UGT pathway primarily by UGT1A1 with minor involvement of UGT1A9. 7 For individuals with moderate hepatic impairment, the potential for significant changes in cabotegravir exposure is predicted to be low, because cirrhosis does not significantly impact the K m value for glucuronidation of different classes of drugs. 16 The results of the present study demonstrate reductions of 27%, 31%, and 27% for total plasma AUC 0-Ý , C max , and C 24 , respectively, in participants with hepatic impairment compared with healthy matched controls. The reduction in cabotegravir exposure is equivalent to a one-third dose reduction to approximately 20 mg (of cabotegravir). When it is coadministered with rilpivirine 25 mg once daily, cabotegravir 10 mg once daily achieves steady-state trough concentrations 8-fold above protein-adjusted 90% inhibitory concentration (PA-IC90) and demonstrable, durable maintenance of viral suppression in patients with HIV infection without moderate or severe hepatic impairment. 1 The PA-IC90 for cabotegravir when administered with rilpivirine is 0.166 µg/mL. In this study, the observed geometric mean 24-hour cabotegravir concentration following the administration of a single dose of cabotegravir 30 mg in participants with moderate hepatic impairment was 1.23 µg/mL, 7.4-fold above the PA-IC90. Assuming a 2.4-fold accumulation based on the terminal-phase t 1/2 , the steady-state trough concentration following once-daily dosing in these individuals is predicted to be 18-fold above PA-IC90, consistent with a 20-mg dose of cabotegravir. Therefore, the exposure differences between groups are not considered clinically relevant, and oral cabotegravir 30 mg can be safely administered to patients with moderate hepatic impairment without dose adjustment.
Cabotegravir is highly bound to serum plasma proteins with less than 1% free drug in circulation. Furthermore, positive correlation was observed between higher unbound fractions of cabotegravir and higher albumin scores (lower albumin concentration) and higher Child-Pugh scores. Although the absolute unbound drug concentrations were 40% to 55% higher in participants with moderate hepatic impairment, the free drug fraction of cabotegravir remained constant over time in participants with moderate hepatic impairment (2 hours, 0.31%; 24 hours, 0.32%) because of a compensatory decrease in total plasma concentrations. This decrease in total plasma concentrations is reflected as an apparent increase in oral clearance and an apparent decrease in AUC 0-Ý in the participants with moderate hepatic impairment and is based on total plasma concentrations. 13 Although participants with moderate hepatic impairment had higher exposure to unbound drug, the unbound concentrations remained very low and in the single-digit ng/mL range. Furthermore, cabotegravir 60 mg once daily, which would be expected to have an approximately 2-fold higher unbound concentration, was studied in participants with HIV infection for nearly 2 years and had few adverse eventrelated discontinuations. 1 Thus, the observed increase in exposure to unbound drug in participants with moderate hepatic impairment was not considered clinically relevant. Moderate hepatic impairment had a similar impact on the free fraction of dolutegravir, a structural analogue of cabotegravir also primarily metabolized by UGT1A1. 7, [18] [19] [20] In participants with moderate hepatic impairment, an approximately 2-fold higher mean unbound fraction (0.44%) was observed 24 hours following a single, 50-mg oral dose of dolutegravir compared with the unbound fraction (0.23%) detected in healthy individuals. However, unlike cabotegravir, the similar AE, adverse event. a Healthy controls were matched to participants with hepatic impairment by sex, age (±10 years), and body mass index (±25%). b Considered related to treatment by study investigator.
increase in unbound fraction did not result in lower total plasma dolutegravir exposures, which were attributed to decreased intrinsic clearance and impaired metabolizing enzyme capacity. One study limitation is that there may be differences in the PK characteristics of persons infected with HIV, 10 a patient population excluded from this study. In addition, the conclusions of the present study cannot be extrapolated to patients with severe hepatic impairment because the impact of serum albumin concentrations on unbound concentrations of cabotegravir and the resultant plasma exposure are unknown in this population.
In summary, moderate hepatic impairment had modest impact on total plasma cabotegravir PK, even with an approximately 90% to 114% increase of the unbound fraction of cabotegravir. Based on these results, evaluation of cabotegravir PK in mild hepatic impairment is considered unnecessary. As such, cabotegravir may be administered without dose adjustment in patients with mild to moderate hepatic impairment. Although the concentration-time profile of long-acting injectable cabotegravir differs from that associated with oral dosing of cabotegravir, systemic clearance is common to both routes of administration. 4 Therefore, a similar, modest increase in clearance is expected among participants with hepatic impairment receiving long-acting cabotegravir. The use of oral or long-acting cabotegravir in patients with severe hepatic impairment, however, cannot be recommended without further study.
